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Available online 14 April 2016The historic town of San Leo (Emilia Romagna Region, northern Italy) is located on top of an isolated rockmassif
above the Marecchia River valley hillside. On February 27th 2014, a northeastern sector of the massif collapsed;
minor structural damages were reported in the town and a few buildings were evacuated as a precautionary
measure. Although no fatalities occurred and the San Leo cultural heritage suffered no damage, minor rock fall
events kept taking place on the newly formed rock wall, worsening this hazardous situation. In this framework,
a monitoring system based on remote sensing techniques, such as radar interferometry (both spaceborne and
ground-based) and terrestrial laser scanning, was planned in order to monitor the ground deformation of the in-
vestigated area and to evaluate the residual risk. In this paper the main outlines of a 1-year monitoring activity
are described, including a pre-event analysis of possible landslide precursors and a post-event analysis of the dis-
placements of both the collapse-affected rock wall sector and the rock fall deposits.
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The overlapping of hard-brittle rock masses on soft plastic bedrock
represents one of the most critical environments for slope instability,
due to the different response of the materials to disturbances such as
weathering, erosion, seismic shocks or man-made excavations. This
geological setting tends to form a peculiar landscape characterized by
rock hilltops (plateaus or buttes), bounded by steep rock cliffs located
above the surrounding erodible hillside. The sub-vertical and jointed
rock walls can be affected by a variety of mechanisms such as rock
falls, rock slides, toppling (either forward or back tilting) and differen-
tial settlements (Cancelli and Pellegrini, 1987; Cruden and Varnes,
1996; Gigli et al., 2012; Hungr et al., 2001, 2014). The whole hilltop
may be affected by lateral spreading, whereas the soft bedrockmay un-
dergo squeezing out and bulging (Pasek, 1974; Zaruba andMencl, 1982;
Pasuto and Soldati, 1996, 2013). This situation provides potential mate-
rial which can be involved in the failure mechanisms taking place in the
underlying clayey bedrock, such as rotational or compound slides and
earth ﬂows (Hutchinson, 1988; Cruden and Varnes, 1996; Hungr et al.,
2001, 2014). The latter instability mechanisms may also be inﬂuenced
by the accumulation of material fallen from the rock cliff, causing sur-
charge (Zaruba andMencl, 1982). In this framework the worst-risk sce-
nario may be represented by the collapse of large rock mass portions of
the plateau borders. Such a conﬁguration generates high hazard.
. This is an open access article underconditions associated with a marked vulnerability and related risk for
the structures built on the hilltops, particularly regarding cultural heri-
tage; not to mention threats to people's safety. In Europe several histor-
ical castles or ruins are located on steep cliffs affected by instability
processes (Vlcko, 2004; Vlcko et al., 2008; Egglezos et al., 2008;
Panzera et al., 2012). In particular cultural heritage in Italy including
castles, churches and entire historical cities is often found on hilltops
suffering instability, requiring expensive maintenance and restoration
works (Cestelli-Guidi et al., 1984; Cotecchia, 1997; Paolucci, 2002;
Tommasi et al., 2006; Ciampalini et al., 2012; Bianchini et al., 2014).
The protection and preservation of cultural heritage from natural
hazards requires a speciﬁc monitoring system, which should be de-
signed considering: i) the site's characteristics (topography and geolog-
ical setting); ii) instability phenomena features (kinematics, magnitude
and velocity); iii) typology of the related hazard affecting each speciﬁc
area of interest. Advanced remote sensing techniques such as multi-
interferometric satellite Synthetic Aperture Radar (such as PS-InSAR),
ground-based interferometric SAR (GB-InSAR) and terrestrial laser
scanning (TLS) can play an important role in landslide risk manage-
ment, as they allow for the representation of large surfaces with dense
spatial sampling, offering clear advantages with respect to traditional
topographical systems such as GPS and total stations. These latter on
the contrary provide accurate data but are necessarily limited to a
small number of control points (Teza et al., 2008; Piacentini et al., 2015).
The PS-InSAR technique is commonly used to monitor the safety of
the cultural heritage affected by instability phenomena for its capability
to detect, analyse and quantify displacements during pre- and post-the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Study area. (A) Geographical location in Italy. (B) Geomorphological setting. (C) Contourmap projected on an orthophoto. (D). South side of the San Leo rockmassif with the fortress
on the right.
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20 years) over large areas (Del Ventisette et al., 2013). For example PS-
InSAR technique was used to monitor the slope instability of the
archeological area of Petra, Jordan (Delmonaco et al., 2015), to analyse
the San Fratello town's historical building deformation (Bianchini
et al., 2014) in Southern Italy, and the stability of historical towns locat-
ed on hilltops such as Volterra, Central Italy (Bianchini et al., 2015), and
Citadel andMdina fortiﬁcations in the island ofMalta (Gigli et al., 2012).
For its capability tomeasure displacementswith high geometric accura-
cy and temporal sampling frequency, and for its adaptability to speciﬁc
applications, GB-InSAR represents a powerful terrestrial technique
successfully employed in engineering and geological analysis to de-
tect fast structural deformation (Broussolle et al., 2014) and ground
displacements (Tarchi et al., 1997, 2000, 2002; Pieraccini et al.,
2000, 2002). This technique has proven its effectiveness for landslide
and volcanic ﬂank monitoring (Intrieri et al., 2012; Nolesini et al.,
2013; Di Traglia et al., 2014), as well as for analyzing the stability
of isolated hilltops on which historical towns are built (Luzi et al.,
2004; Fanti et al., 2013; Pratesi et al., 2015). The TLS technique is in-
creasingly being used for instability analyses in cultural heritage
sites (Boehler et al., 2001; Arayici, 2007; Lambers et al., 2007;
Yastikli, 2007; Al-kheder et al., 2009; Gigli et al., 2012; Fanti et al.,
2013; Gigli et al., 2014; Pratesi et al., 2015), as it allows for a highly
accurate 3D representation of both the underlying ground and the
overlying structures in a short time.
The town of San Leo, renowned for itsmedieval fortress and Roman-
esque churches, is located in the south-eastern sector of the Emilia Ro-
magna region (Northern Italy). Due to its peculiar geological and
geomorphological setting, San Leo represents an interesting case for
the issue of cultural heritage conservation in the face of slope instability.
The town lies on an isolated rockmassif historically affected by instabil-
ity phenomena: rock falls, slides and topples have taken place along the
hilltop boundaries, with the consequent retreat of the bordering cliffsand their continuous reshapingwith the formation of ledges, overhangs
andniches (Nesci et al., 2005). This ongoingprocess threatens thebuild-
ings and the structures near the cliff, and occasions the expensivemain-
tenance and consolidation works necessary to avoid damage to the old
town and fortress (Ribacchi and Tommasi, 1988; Caturani et al., 1991;
Benedetti et al., 2013).
On February 27th 2014, an entire north-eastern sector of the rock
plate collapsed causing a huge rock fall of about 0.33 Mm3 (Borgatti
et al., 2015). This rock fall event caused a retreat of the cliff edge, threat-
ening some buildings. Therefore a ground displacement monitoring ac-
tivitywas initiated, in order tomanage the post-event emergency phase
and evaluate the residual risk. Themonitoring activities consisted of i) a
pre-event displacement characterization by acquiring archival
spaceborne SAR images; and ii) a post-event displacement analysis by
means of a real time GB-InSAR monitoring coupled with TLS surveys.2. Study area
The town of San Leo is located on the right side of themidMarecchia
River valley, between the Emilia-Romagna and Marche regions, about
135 km southeast of Bologna and 30 kmsouthwest of theAdriatic coast-
line (Fig. 1A,B). The site lies on a hilltop constituted by a rock plate of
quadrangular shape, about 0.3 km2 in extension, bordered by sub-
vertical and overhanging cliffs up to 100 m high (Fig. 1C,D). The rock
plate is delimited on the west, north and south sides respectively by
creek valleys of small tributaries entering the Marecchia River from its
right bank (Fig. 1C), and it rises from the surrounding hillside to the
height of about 650 m a.s.l. Given its strategic location, the site has
hosted urban settlements since the Roman times; its medieval fortress
and Romanesque abbey church in particular, make San Leo one of the
most important touristic sites in central Italy (Benedetti et al., 2013;
Borgatti et al., 2015).
Fig. 2. Geology of the study area. (A) Geological map. (B) Cross section (modiﬁed after Conti and Tosatti, 1996). (C) Picture of the NE rock plate sector bordering the slopewall prior to the
landslide event.
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From a geologic point of view the San Leo rock plate is made of
limestone-arenaceous formations (Epiligurian Units), overlying soft
ductile clayey deposits (Ligurian Units), which amply crop out in
the gentle hills and surrounding badlands (Fig. 2A,B). The Epiligurian
Units are represented, from top to bottom, by the Mt. Fumaiolo For-
mation (glauconitic sandstone with thin siltstone interlayers and
calcarenite), which mainly constitute the top of the massif, and the
San Marino Formation (thick-bedded organogenic calcirudite and
calcarenite), mainly forming the bordering rock walls (Conti, 1989,
2002; De Feyter, 1991; Conti and Tosatti, 1996; Cornamusini et al.,
2010). The latter formation lies uncomformably on top of the Liguri-
an Units bedrock, mainly composed by the Argille Varicolori Forma-
tion (highly tectonized clay, with marly and limy sandstone),
whereas in the SE sector of the site the Sillano Formation (mudstone
with thin limestone andmarly layers) and theMt. Morello Formation
(carbonate turbidites) also crop out (Ponzana, 1993; Cornamusini
et al., 2010; De Capoa et al., in press) (Fig. 2A,C). The rock plate struc-
tural setting is characterized by NW–SE and WSW–ENE trending
faults and fractures dissecting the rock plate, whereas the strata
mainly dip SW from low to middle angles (Conti and Tosatti, 1996)
(Fig. 2A).2.2. Geomorphological features and instability phenomena
The geological and structural settings of the study are control fea-
tures for the geomorphology and slope instability phenomena, as also
found in other isolated steep hilltops (buttes or plateaus) particularly
in the northern Apennines and the Marecchia River valley (Bertocci
et al., 1991; Casagli et al., 1994; Canuti et al., 1990, 1999, 2004; Nesci
et al., 2005; Giardino et al., 2015).The different resistance to weathering
and erosional processes of the outcropping lithotypes enhances selec-
tive erosion in the soft clayey bedrock, shaping the hillsides by mass
movements, causing widespread badlands growth, and undermining
the overlying brittle rock plate (Nesci et al., 2005; Benedetti et al.,
2013; Spreaﬁco et al., 2013). The latter process causes the opening
and widening of sub-vertical joints and fractures in the brittle rock
mass, producing stress redistribution and lateral spreads which isolate
large rock blocks. These can be involved in vertical relative displace-
ments due to local elastic-viscous settlements and yielding (Casagli
et al., 1994), and in marginal mass movements corresponding to the
boundary between the rock plate and the bedrock (Gigli et al., 2012).
During the last four centuries several large landslides (rock falls,
earth ﬂows and complex landslides) have affected the San Leo cliff
and the surrounding clayey bedrock (Benedetti et al., 2013; Spreaﬁco
et al., 2013; Giardino et al., 2015; Borgatti et al., 2015). Ancient rock
Fig. 3. Instability phenomena affecting the San Leo rockplate boundaries. (A)Map.Modiﬁedafter the IFFI project to produce an inventory of landslides in Italy, carried out by ISPRA (Istituto
Superiore per la Protezione e la Ricerca Ambientale) (Trigila et al., 2010). (B, C) Pictures of ancient rock fall deposits shown as “b” and “c” in A. (D) Rock fall and earth ﬂow caused onMay
11th 2006. Dashed red line roughly delimits the accumulated deposits mapped as “d” in A. (E) Rock fall caused on February 27th 2014, mapped as “e” in A.
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Fig. 4.Work ﬂow of the applied monitoring system.
84 W. Frodella et al. / Geomorphology 264 (2016) 80–94fall deposits with metric size boulders are still visible at the foot of the
cliff on both the north-western rock wall sector and the north-eastern
sector below the fortress (Fig. 3A,B,C; Benedetti et al., 2013). More re-
cently, on May 11th 2006, a signiﬁcant rock fall of about 50,000 m3 af-
fected the northern cliff sector, triggering a large earth ﬂow in the
underlying clayey slopes which evolved downstream in the Campone
Creek valley (Figs. 1C and 3A,D) (Benedetti et al., 2013; Borgatti et al.,
2015). The rock fall event on February 27th 2014 took place in an unin-
habited area of the San Leo rock plate and no fatalities or injuries oc-
curred. The cultural heritage suffered no damage after the event, but
minor structural damage was reported to the town aqueduct and
power plant electric cables. The rock fall material, formed by huge
over ten meter boulders ended in the Campone Creek valley below. As
a precautionary measure the access to the fortress and provincial SP
137 roadway (located about 300 m opposite to the landslide affected
rock wall; Fig. 3A) was temporarily prohibited, and three buildings lo-
cated near the newly formed landslide scarp were evacuated (Borgatti
et al., 2015).
3. Methodology
3.1. PSInSAR
The advanced multi-interferometric SAR technique known as Per-
manent Scatterer Interferometry (PS-InSAR) is commonly used inTable 1
Characteristics of the satellites used for the Squee-SAR monitoring of San Leo hilltop during th
Wavelength range (cm) Revisiting time (days) Geometry
3.75–2.5 16 Ascending
Descendinglandslide studies for its ability to measure ground displacements with
millimeter accuracy (Costantini et al., 2000; Ferretti et al., 2000, 2005;
Hanssen, 2005; Raucoules et al., 2007; Crosetto et al., 2010). For exam-
ple PS-InSAR technique is used in the ﬁeld of engineering geology to
study land subsidence (Herrera et al., 2010; Raspini et al., 2012, 2014),
earthquake-related ground deformation (Bűrgmann et al., 2005; Sousa
et al., 2010), volcanic activities (Hooper et al., 2004; Vilardo et al.,
2010; Parker et al., 2014) and landslides (Meisina et al., 2013;
Ciampalini et al., 2014; Bardi et al., 2014). The multi-interferogram ap-
proach, such as the PS-InSAR technique relies on the identiﬁcation of
stable radar targets, the so-called Permanent Scatterers (PSs) character-
ized by a stable phase signal (Ferretti et al., 2001; Hooper et al., 2004;
Meisina et al., 2008). The multiple differential interferograms approach
allows for a high precision series of ground deformation in an investi-
gated area over a long time. PS-InSAR makes it possible to measure
themovements of each PS along the satellite LineOf Sight (LOS)with re-
spect to an assumed stable point (Massironi et al., 2009). PS targets are
represented by anthropic (buildings, metallic structures) or natural ob-
jects (rock outcrops) which are scatterers with a stable radar signature
(Ferretti et al., 2000). This means that urbanized areas include a high
number of PS, on the contrary vegetated, rural and forested areas,
show a lower amount of PS reducing the applicability of the technique.
SAR sensors capture images laterally to the left and/or right following a
North-South oriented orbit. Thus, the technique is useful to detect
ground deformation located on prevalently east- or west-facing slopes.e pre-event phase.
Incidence angle θ (°) Time interval No. of scenes
31 09/05/2011–26/02/2014 39
26 13/03/2010–06/01/2014 35
Fig. 5.Description of themonitoring system. (A) Location of the employed terrestrialmonitoring devices. The collapsed cliff sector is enhancedwith a dashed red square. TLS= Terrestrial
Laser Scanning; GB-InSAR = Ground Based Radar. (B) Point cloud, (C) optical image and (D) SAR image of the scanned area. Numbers in C correspond to those in D 1 = fortress. 2 =
ancient rock fall deposits. 3, 4, 6 = 2014 rock fall deposits (3 = deca-metric rock block; 4, 6 = scattered metric blocks). 5, 7 = 2014 collapse-affected rock wall sectors. 8, 10 = rock
wall and vegetated areas without collapses. 9 = abbey church bell tower.
85W. Frodella et al. / Geomorphology 264 (2016) 80–94Another limitation of the PS-InSAR technique is represented by geomet-
ric distortions affecting SAR images (namely foreshortening, layover
and shadowing effects). These effects are frequent in radar images and
occur especially where SAR sensor illuminates mountainous slopes or
target areas with different incidence angles. The Squee-SAR algorithm
is a new advanced multi-temporal interferometric technique which
measures ground displacements using both PSs and the Distributed
Scatterers (DSs). The latter correspond to homogeneous areas spread
over a group of pixels in a SAR image (rangeland, pasture, shrubs and
bare soils). This innovative approach allows increasing the point target
density with respect to the traditional PS-InSAR technique, especially
in the case of sparse vegetation landscapes (Tofani et al., 2013; Bellotti
et al., 2014; Notti et al., 2014).3.2. GB-InSAR
A GB-InSAR system consists of a computer-controlled microwave
transceiver, characterized by a transmitting and receiving antenna,
which can synthesize a linear aperture along the azimuth direction by
moving along a mechanical linear rail. A SAR (Synthetic Aperture
Radar) image is obtained by combining the spatial resolution along
the direction perpendicular to the rail (range resolution, ΔRr), and
that parallel to the synthetic aperture (azimuth or cross-range resolu-
tion, ΔRaz). This image contains amplitude and phase information of
the observed object-backscattered echowithin the investigated scenar-
io in the acquiring time interval. The working principle of the GB-InSAR
technique is the evaluation of the phase difference, pixel by pixel,
Fig. 6. COSMO-SkyMed velocity maps for the San Leo rock plate. (A) Ascending geometry 1, 4: ancient rock fall deposits; 2: 2006 rock fall-earth ﬂow; 3: rock plate sector affected by the
2014 rock fall). (B) Descending geometry. (C) Vslope velocity maps for ascending geometry. (D) Vslope velocity maps for descending geometry.
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nario, which constitutes an interferogram (Bamler and Hartl, 1998). In
the timeelapsed between the acquisition of two ormore subsequent co-
herent SAR images, it is possible to derive a map of the displacements
along the sensor LOS from the obtained interferogram, with metric or
sub-metric resolution, submillimeter accuracy and sampling frequency
of few minutes (Tarchi et al., 1997, 2000; Rudolf et al., 1999; Pieraccini
et al., 2000, 2002). The area covered by a GB-InSAR system depends
on the distance between the sensor and the point of observation, but
is usually limited to aminimumof a few hundredmeters to amaximum
of a few kilometers. According to the speciﬁc acquisition geometry, only
this component of the real displacement vector can be estimated,
whereas the displacements occurring along a direction perpendicular
to the LOS are missed. This is the main limitation of the GB-InSAR tech-
nique. Given the favorable logistics and power supply, the installation
viewpoint of the radar system must therefore be selected in order to
make the sensor LOS as parallel as possible to the expected direction
of the landslide motion. Nevertheless the GB-InSAR represents a versa-
tile and ﬂexible technology for landslide monitoring, allowing for rapid
changes in the type of data acquisition, such as geometry and temporal
sampling, based on the characteristics of the slope failure monitored
(Antonello et al., 2004).
3.3. Terrestrial laser scanning
A TLS device measures the laser time-of-ﬂight between the sensor
and the reﬂecting targets with high accuracy (millimeter or centime-
ter). It can obtain the exact position of a mesh of points (point cloud),
characterized by (x, y, z) Cartesian coordinates and the reﬂectance
value R(x, y, z), quickly providing a high-resolution 3D surface digitalmodel of the scanned object (Slob et al., 2002; Frohlich and
Mettenleiter, 2004; Slob and Hack, 2007). TLS is also used for analyzing
unstable slopes to investigate the plano-altimetric morphological and
geostructural setting of a rock mass, and is therefore suitable for rock
cliff monitoring (Abellán et al., 2006, 2011; Turner et al., 2006; Slob
and Hack, 2007; Teza et al., 2008; Ferrero et al., 2009; Oppikofer et al.,
2009; Gigli et al., 2014). The high resolution of laser scanning permits
the extraction of very small features such as the structural crack pattern,
the crack opening direction (Gigli et al., 2009), and the orientation of
critical discontinuities within the rock mass (Gigli and Casagli, 2011;
Gigli et al., 2014). Furthermore, this technique is capable of measuring
ground 3D temporal displacements by comparing sequential datasets
(Rosser et al., 2005; Lim et al., 2006; Teza et al., 2008; Kasperski et al.,
2010; Abellán et al., 2011).
3.4. Integrated monitoring system
Considering the variability of the instability processes affecting the
San Leo rock plate, in terms of typology, velocity and location of the af-
fected areas following the February 27th event, we planned a suitable
monitoring system based on the synergic use of PS-InSAR and GB-
InSARtechniques, coupled with TLS surveys (Fig. 4). A total of 74 SAR
images, acquired with descending and ascending orbits by the Italian
Space Agency (ASI) COSMO-SkyMed constellation of satellites, were
used (Table 1). These satellites were chosen for their more innova-
tive characteristics with respect to the other satellite missions,
such as the use of microwave X-band, shorter revisiting time (in
the order of a few days) and ﬁner spatial resolution, effective for
the rapid updating of landslide inventory maps and for hazard and
risk studies. On March 7th 2014, a GB-InSAR system was installed
Fig. 7. Examples of COSMO-SkyMed velocity maps (areas 2 and 3 of Fig. 6A). (A) Descending geometry. (B) Ascending geometry. (C\\F) Displacement time series of selected PSs for
(C) point 1, (D) point 3, (E) point 2 and (F) point 4. Point locations are shown in A and B.
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(Fig. 4A,C,D), for the real timemonitoring of the residual movements
of both the rock wall collapse-affected sector and the rock fall de-
posits. The employed radar system operates in the ku-band (wave-
length range of 2.5–1.67 cm; central frequency of 17.2 GHz and
200MHz bandwidth), and is capable of achieving a 3m synthetic ap-
erture in a 2 min scanning time. TLS surveys on the collapse-affected
rock wall sector were carried out with a long range 3D laser scanner
(RIEGL LMSZ410-I; Riegl, 2010). This device can determine the posi-
tion of up to 12,000 points s−1 with a maximum angular resolution
of 0.008° and an accuracy of ±10 mm from a maximum distance of
800 m. In order to completely cover the intervention areas, four dif-
ferent laser scanning surveys (07/03/2014, 09/04/2014, 11/06/2014
and 18/12/2014) were performed from different viewpoints
(Fig. 5A,B). Several laser reﬂectors were placed in the surveyed
area, and their coordinates were deﬁned by performing a differential
RTK-GPS survey, to link the different acquired point clouds to a glob-
al reference system. Riscan Pro 1.7.9 was the main software used for
the visualization, alignment and comparison of the point clouds.
4. Results
4.1. PS-InSAR monitoring
Squee-SAR analysis was performed by using the X-band sensor
COSMO-SkyMed images both in ascending and descending geometries
(Table 1). Both the available datasets show a non-regular temporal ac-
quisition which can lead to an incorrect evaluation of the ground defor-
mation. This problem particularly affects the descending dataset for
March 2000 to March 2012 in which only seven images were acquired.
A more regular acquisition and the higher number of available images
make the ascending dataset more reliable than the descending one.
Squee-SAR analysis using the ascending dataset highlighted ground
deformation phenomena mainly located in correspondence of the rockplate bedrock, at the foot of the north-western, northern, and eastern
rock plate bordering wall sectors (Fig. 6A,B). The more relevant dis-
placements were detected in correspondence with rock blocks located
northwestward of the 2014 rock fall. The highest detected velocities
along the satellite LOS were −9.8 mm yr−1 (sector 2 in Fig. 6A) and
5.7 mm yr−1 (sector 1 in Fig. 6A). The rock blocks represents ancient
rock fall deposits (Fig. 3A,B) as well as the 2006 rock fall and related de-
posits (Fig. 3A,D).
The ascendingdataset includes displacements of ancient rock fall de-
posits (Fig. 3A,C) at the foot of the rock plate eastern sector, below the
medieval fortress, where the highest detected velocity along the satel-
lite LOS was−8.7 mm yr−1 (Fig. 6A). PSs record the sliding of single
blocks after the 2006 rock fall event, which moved the underlying duc-
tile materials downslope as an earth ﬂow (Fig. 6C). Even though the de-
scending dataset is less reliable than the ascending one, it clearly shows
the grounddeformation at thenorthern toe of the cliff (Fig. 6A,B), in cor-
respondencewith the 2006 rock fall and earth ﬂow deposits (Fig. 3A,D).
In this case the registered velocities range between −3.0 and
−20.0 mm yr−1. The ascending dataset shows the presence of an area
located on the rock plate, in the northern sector of the town, along the
cliff affected by the 2014 rock fall (Fig. 6A,B). Here the deformation ve-
locities are notably lower than those observed for the deposits,
nevertheless PSs highlight that the area is affected by deformation. In
this sector velocities along the LOS range between −4.9 and
−1.7 mm yr−1. The southern and central parts of the rock plate show
an overall stability. Most of the PSs located in these areas are character-
ized by velocities comprised in the stability range.
The projection of the velocity of each of PS along the slope is a pro-
cedure that leads to a better evaluation of the real magnitude of the ve-
locity, because it is evaluated along the dip of the slope instead of along
the satellite LOS. A drawback of this approach is a decrease in the PSs
number because Ps with positive velocity are discarded (Notti et al.,
2014). In this case the decrease of PS population is 47% for the ascending
dataset and 16% for the descending one.
Fig. 8. GB-InSAR displacement maps of the San Leo 2014 rock fall deposit and north-eastern rock wall sector. (A) Cumulated displacement measured from March 7th to 15th, 2014, and
detected critical sectors (1–4). (B) Cumulated displacement map measured for March 7th 2014 to March 7th 2015. (C) Displacement map between 04:00 and 12:00, June 18th 2014.
D) Displacement map between 12:00 August 25th and 12:00 August 26th, 2014. Ovals in C and D show the sectors of rock fall deposit characterized by higher displacements.
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the ascending dataset continues to highlight the presence of ground
deformations in the same areas previously detected. The Vslope veloc-
ities at the northwestern sector of the cliff affected by the 2014 rock
fall range between 5 and 9 mm yr−1 which are almost twice those
measured along the LOS (Fig. 6C). The highest Vslope values are de-
tected in correspondence with the blocks located at the northwest-
ern toe of the cliff, where the calculated Vslope velocities reach
33.9 mm yr−1.
The descending dataset conﬁrms the deformation in this area but
does not reveal the presence of ground deformation along the cliff
(Fig. 6D). The time series analysis of the ascending dataset includes
the possible precursory phenomena of the 2014 rock fall (Fig. 7A).
In particular the time series of several PSs located along the
northeastern sector of the cliff show that during April 2012 and
November 2013 there were two phases of increased deformation
velocity (Fig. 7C,D) with respect to the stable trend recorded in the
rest of the analyzed period. Time series analysis of deposits
produced by the 2006 landslide event shows a more linear trend
(Fig. 7B), conﬁrming that the blocks produced by the less recent
events are affected by a continuous deformation still ongoing after
9 years.4.2. GB-InSAR monitoring
The fast sampling frequency of the GB-InSAR system allowed us to
produce interferograms covering different time periods (11 min and 2,
8, and 24 h) and cumulated displacement maps of selectable time spans
(Fig. 8). The ﬁrst radar images proved the system capability to display:
i) a portion of the fortress walls; ii) the abbey church bell tower; iii) the
rock wall collapse-affected sector; iii) the 2014 rock fall deposits; and
iv) ancient rock fall deposits. The GB-InSAR data acquired during the
ﬁrst monitoring week allowed us to assess a relative stability of the rock
cliff and the town structures observed, and to detect four main critical
areas (Figs. 8A and 9). Sector 1 is characterized by 17 mmmaximum cu-
mulative displacement, which corresponds to a detensioned rock block
located at the foot of the monitored rock wall central sector (Fig. 9A,C).
Sector 2 displays amaximumcumulative displacement of 14mm, located
at a collapsed deca-metric rock block, completely detached from the rock
wall (Fig. 9A,D). Sector 3 shows cumulative displacements ranging 4 to
11mm, at themain portion of the rock fall depositswithmetric-size boul-
ders to blocks in a coarse sandy-clayey matrix (Fig. 9A,E). Sector 4 corre-
sponds to ancient rock fall deposits (Fig.4 A,C), characterized by 12mmof
maximum cumulative displacements (Fig. 9A). At the end of the GB-
InSAR monitoring period examined, the maximum recorded cumulative
Fig. 9. Field pictures. (A) Monitored rock wall. (B) Related GB-InSAR monitoring control points P1–P8. Red open squares in (A) show the detected four critical areas (sectors 1 to 4).
(C) sector 1. (D) sector 2. (E) sector 3. Sector 4 is shown in Fig. 3C.
89W. Frodella et al. / Geomorphology 264 (2016) 80–94displacement in the investigated area is 339 mm, corresponding to the
rock fall deposits surrounding the above-mentioned deca-metric rock
block in sector 2, whereas in sectors 1, 3 and 4, it reaches 270, 180 and
230 mm, respectively (Fig. 8B). Most of the rock wall, as well as the for-
tress and the abbey church bell tower, were generally stable. From the
start of the monitoring period, the highest daily cumulative displace-
ments (3–4 mm day−1) were constantly recorded at sector 2
(Figs. 8A,C,D and 9A,D), whereas on June 18th 2014, the peak daily dis-
placements of about 15mmoccurred (Fig. 8C). In order to assess the kine-
matics of the rock wall and rock fall deposits, eight control points were
selected (Fig. 9A,B) and their displacement time series up to March 7th,
2015 was extracted and analyzed (Fig. 10): P1 and P7 located at sector
2 (Figs. 8A and 9A,B,D); P2 and P3 at stable rock wall sectors; P4 andTable 2
Cumulated displacements of P1–P4–P5–P8 GB-InSAR control points (in mm) and acceleration
Time period Elapsed days P1 displacement (velocity) P4 disp
07/03/2014–07/03/2015 365 108.5 (0.3) 113.9 (0
25/03/2014–13/04/2014 19 43.5 (2.3) 15.7 (0
27/04/2015–15/05/2014 18 18.9 (1.0) 13.4 (0
01/12/2014–06/12/2014 5 2.3 (0.5) 3.2 (0P5 at sector 1 (Figs. 8A and 9A,B,C); P6 at sector; and P8 at sector 3
(Figs. 8A and 9A,B,E). Cumulated displacements range from 108 mm at
P1 to 339mm at P7. On the basis of the kinematic behavior of the control
points, seven acceleration events were detected (Fig. 10).
Analysis of the displacement time series of the selected control points
indicated that P2 and P3, corresponding to stable rock wall sectors, show
a general stability for the entire period monitored (March 7th 2014 to
March 7th 2015). P6, located on ancient rock fall deposits below the For-
tress, is characterized by a linear deformation trendwith a 0.6mmday−1-
mean rate. Analysis of P1, P4, P5 and P8 displacement time series shows
relatively constant movements over time with an average speed of
about 0.3 mm day−1 for P1 and P4, 0.8 mm day−1 for P5 and
0.5mmday−1 for P8 (Table 2). This kinematic continuitywas interruptedevents with mean velocity in mm day−1.
lacement (velocity) P5 displacement (velocity) P8 displacement (velocity)
.3) 281.1 (0.8) 172.9 (0.5)
.8) 36.7 (1.9) 27 (1.4)
.7) 33.1 (1.8) 30.9 (1.7)
.6) 4.3 (0.9) 2.8 (0.6)
Fig. 10.Displacement time series of the selected GB-InSAR control points (P1–P8) and daily rainfall data. Red dotted open squares highlight acceleration events of P1, P4, P5, and P8; black
dotted open squares show acceleration events of P7.
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second from April 27th to May 15th, 2014; the third from December 1st
to 6th, 2014.
P7, located on the 2014 rock fall deposits, shows the highest defor-
mation in terms of both velocity (about 1 mm day−1) and cumulated
displacement (339 mm year−1). Moreover, four acceleration periods
were detected: March 18th to 29th, 2014; April 15th to May 15th,Fig. 11. TLS survey results. (A) High resolution 3D surface of the surveyed rock wall. Red dash
(B) Comparison between March 7th and April 9th scans showing the ﬁrst monitored rock b
displacements (orange-yellow areas). (C) Comparison between March 7th and December 18th
yellow ovals show smaller ones) and the rock wall sector characterized by displacements (
delimits the rock wall displaced sector.2014; July 21st to August 15th, 2014; and August 31st to September
25th, 2014 (Table 3).
4.3. TLS surveys
The acquired discrete point clouds of the analyzed rock wall were
merged using triangulation into a continuous 3D terrain modeled open square corresponds to the area affected by rock block detachments in Fig. 11B,C.
lock detachment (blue area in white oval 1). and the rock wall sector characterized by
scans, showing detached rock block sectors in blue (white ovals show larger events and
orange-yellow areas). (D) Correspondent sectors in the optical image; red dotted line
Fig. 12.Monitoring time line of the employed systems.
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hanging sectors, ledges and niches. Temporal variations of terrain were
detected by comparing sequential datasets fromdifferent laser scanning
surveys, as performed by Rosser et al. (2005) and Lim et al. (2006). For
evaluating the total strain ﬁeld of the rockwall, the four scanning results
were compared; the resulting temporal variations from March 7th to
December 18th, 2014, are shown in Fig. 11C. For each scanned point
the displacement vector was determined perpendicularly to the former
local surface. The deformational ﬁeld analysis indicated an ongoing rock
block toppling with an estimated volume of 450 m3, which is almost
completely detached from the central sector of the rock wall
(Fig. 11B,C). The displacement since March 7th was 12 cm on April
9th, 25 cm on June 11th and about 50 cm on December 18th
(Fig. 11C). The detachment of rock blocks occurred frequently but
with the lowest magnitude among all mass movements. The scan com-
parison also revealed block fall (blue areas in Fig. 10B,C). The volume of
rock blocks and the period when they detached are shown in Table 4.
The major rock block detachment occurred during April 9th to June
11th, involving a 94m3 rock volume, whereas the rest took place during
June 11th to December 18th, involving minor detachments from 66 to
1 m3 in volume. Thus, based on their volume, the block falls were
subdivided into major (94–10 m3) and minor (1–2 m3) ones.
5. Discussion
Space-borne InSAR can be used to detect ground deformation both
on a local scale and over large areas and it is suitable for detection
and/or monitoring phenomena with low velocity (Meisina et al.,Table 3
Cumulated displacements of P7 control point (inmm) and acceleration events withmean
velocity in mm day−1.
Time period Elapsed days P 7 displacement (velocity)
07/03/2014–07/03/2015 365 339.1 (0.9)
18/03/2014–29/03/2014 11 19.9 (1.8)
15/04/2015–15/05/2014 31 78.5 (2.5)
21/07/2014–15/08/2014 25 91.0 (3.6)
31/08/2014–25/09/2014 25 62.6 (2.5)2008). The PS-InSAR technique allowed a preliminary study on the gen-
eralized rock mass stability and slow ground displacements, to detect
andmonitor possible precursory phenomena highlighted by local accel-
erations in PS time series (Fig. 12). Rock falls including those occurring
in San Leo are usually characterized by fast velocities reducing the suit-
ability of space-borne InSAR methodologies. SAR data do not allow the
measurement of deformations faster than a few tens of cm per year, be-
cause aliasing effects limits the maximum detectable displacement to a
quarter of the radar wavelength (Hanssen, 2005; Crosetto et al., 2010).
For example, 68 cm yr−1 is the maximum velocity detectable by using
the COSMO-SkyMed system with four operating satellites in X band.
In addition, the spatial coverage of satellite images is limited by the pe-
culiar SAR imaging geometry, with large mountainous areas masked by
foreshortening, layover and shadowing effects. The area located along
the northern side of the San Leo rock plate is partly affected by these
geometric distortions which along with the presence of vegetation re-
duced the number of available PSs. These problems have been partly
solved in this study using the GB-InSAR system, as its versatility also al-
lows placing the device in front of steep slopes, which are in most cases
not visible from space-borne platforms. Furthermore, faster sampling
frequency of the GB-InSAR system makes this technique suitable for
monitoring short term slope movements (Corsini et al., 2006; Noferini
et al., 2007), such as the possible displacement of the rock wall
collapsed-affected sector and residual movements of rock fall deposits.
The analysis of the time series of the GB-InSAR control points also
allowed us to investigate the kinematics of deposits from the 2014
rock fall event (Fig. 10), detecting seven acceleration events (Tables 2
and 3; Fig. 12). Acceleration of control point P7 seems to be driven by
major precipitation events (Fig. 10).
TLS does not suffer from some problems associated with GB-InSAR
such as loss of coherence, decorrelation, and displacement detection ca-
pability only along the LOS of the instrument. On the other hand, GB-
InSAR single measures can reach submillimeter accuracy, while TLS is
not suitable to detect displacements smaller than 10 mm (Pratesi
et al., 2015). TLS is suitable for assessing minor rock fall events on a
cliff, which are too fast to be detected by the GB-InSAR system
(Figs. 11 and 12; Table 4). Furthermore the TLS model was merged
with the GB-InSAR data to obtain a 3D GB-InSAR cumulative
Table 4
Detected detached blocks and their calculated volumes.
Detached sector Calculated volume (m3) Time interval (2014)
1 94 April 9th–June 11th
2 66 June 11th–December 18th
3 44
4 15
5 10
6 2
7 1.5
8 1
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ments directly on the observed 3D representation scenario, and there-
fore to better localize the most critical areas (Fig. 13A). The accuracy
in locating a GB-InSAR control point is affected by the system azimuth
and range resolutions, which are related to the distance between the
sensor and the backscattering objects. Regarding the San Leo case
study, the investigated rock wall has a subvertical geometry which in
some portions shows overhanging sectors (Fig. 13B). In this framework,
the GB-InSAR system installation associated with the surveyed sce-
nario, leads to a different range resolution of scenario sectors located
at different heights along the surveyed rock wall. The 3D displace-
ment map obtained (Fig. 13A) shows an ambiguity in locating defor-
mation sectors along the rock wall. Therefore, in this speciﬁc case
study sectors characterized by displacements are displayed as verti-
cal zones instead of pixel clusters located at the cliff bottom
(Fig. 11C). The 3D GB-InSAR displacement map was also used for a
comparison between TLS and GB-InSAR displacement data. The dif-
ference in the recorded displacements detected by the two monitor-
ing systems at sector 1 (Figs. 8 and 9), is related to the different
displacement components of the recorded movements, because the
two monitoring systems have different LOSs.
6. Conclusions
On February 27th 2014, an entire portion of the rock massif, on
which the historic town of San Leo is located, collapsed and causedFig. 13.GB-InSAR and TLS data integration. (A) 3DGB-InSAR cumulative displacementmap of th
is clearly visible. (B) Simpliﬁed sketch of the rock wall geometry. R: distance sensor-target. L: la huge rock fall. To monitor the ground deformation afterwards
and assess the residual risk of landslide displacements, a monitoring
system based on remote sensing techniques including radar interfer-
ometry (PS-InSAR and GB-InSAR) and terrestrial laser scanning was
established. The PS-InSAR technique, by using archival SAR images,
allowed us to analyse pre- and a post-event displacements, rock
massif stability, and the residual movements of the San Leo rock
plate (Figs. 3, 6, 7, and 8A). It facilitated detection of possible precur-
sory phenomena highlighted by local accelerations in the PSs time
series (Fig. 12). The GB-InSAR one year monitoring campaign from
March 7th 2014 to March 7th 2015 allowed analysis of the short-
term behavior of deposits from the 2014 rock fall event. General sta-
bility of the monitored structures (fortress walls and abbey church
bell tower) and the main portion of the rock wall was assessed.
Based on the recorded cumulative displacement values, four critical
sectors were detected: 1) a collapse-affected rock wall completely
detached from the stable portions (Figs. 8A and 9A,B,C); 2) a col-
lapsed deca-metric rock block, completely detached from the rock
wall (Figs. 8A and 9A,B,D), where the maximum cumulative dis-
placement in the monitored area (339 mm) was recorded; 3) the
main portion of the 2014 rock fall deposits (Figs. 8A and 9E); and
4) ancient rock fall deposits (Figs. 3A,C, 6, and 7). In order to assess
the kinematics of the rock wall and rock fall deposits, eight control
points (from P1 to P8) were selected (Fig. 9) and their displacement
time series up to March 7th, 2015 analyzed (Fig. 10, Tables 2 and 3).
Seven acceleration events were detected, and those related to P7 are
correlated with rainfall events (Figs. 10 and 12). TLS data provided
high resolution 3D data for a rough rock wall surface, characterized
by criticalities such as overhanging sectors, ledges and niches
(Fig. 11A). 3D temporal variations of the terrain model were detect-
ed by comparing sequential datasets acquired from different laser
scanning surveys, from March 7th to December 18th, 2014 (Figs. 11
and 12, Table 4). It provided evidence of an ongoing rock block top-
pling at sector 1 detected through the GB-InSAR monitoring
(Figs. 8A and 9A,B,C), and identiﬁed seven distinct block falls with
their volume. The San Leo area is characterized by complex geomor-
phological features, different ongoing landslide processes with vari-
ous states of activity. Each single monitoring technique is inadequate
for its intrinsic limitations, but the combined use of the techniques
provided an effective monitoring system of landslide activity, thankse San Leo rockwall. In the central sectors the area characterized by deformation ambiguity
ength of rock wall overhanging sectors.
93W. Frodella et al. / Geomorphology 264 (2016) 80–94to the different instrument characteristics in relation to LOS, range of
detectable velocity, and repetition time.
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